(Super)String theories are theoretical ideas that go beyond the standard model of particle and high energy physics and show promise for unifying all forces in nature including the gravitational one. In this unification a prominent role is played by the duality symmetries which relate different theories. I present a review of these developements and discuss their problems and possible impact in low-energy physics. We explain and discuss some ideas concerning string field theories from noncommutative geometry.
Superstring theory resolves the most enigmatic problem of theoretical physics: the incompatibility of Quantum Mechanics and the General Theory of Relativity. General relativity describes the force of gravity and hence is usually applied to the largest and most massive structures including stars, galaxies, black holes and even, in cosmology, the universe itself. Quantum mechanics is most relevant in describing the smallest structures in the universe such as electrons and quarks. In most ordinary physical situations, therefore, either general relativity or quantum mechanics is required for a theoretical understanding, but not both. In doing so, string theory modifies our understanding of spacetime and the gravitational force. Within this new and original context, the spacetime can undergo remarkable rearrangements of its basic structure requiring the fabric of spacetime to tear apart and subsequently reconnect, an impossible processes in pre-string theories.
Prime examples of such situations are spacetime singularities such as the central point of a black hole or the state of the universe just before the big bang. These exotic physical structures involve enormous mass scales, thus requiring general relativity and extremely small distance scales, thus requiring quantum mechanics. Unfortunately, general relativity and quantum mechanics are mutually incompatible: any calculation which simultaneously uses both of these tools yields nonsensical answers. The origin of this problem can be traced to equations which become badly behaved when particles interact with each other across minute distance scales on the order of the Planck length. String theory solves the deep problem of the incompatibility of these two fundamental theories by modifying the properties of general relativity when it is applied to scales on the order of the Planck length. According to this theory, the elementary particles are actually tiny closed loops of string with radii approximately given by the Planck length. Modern accelerators can only probe down to distance scales around 10 cm and hence these loops of string appear to be point objects. However, the string theoretic hypothesis that they are actually tiny loops, changes drastically the way in which these objects interact on the shortest of distance scales. This modification is what allows gravity and quantum mechanics to form a harmonious union.
In fact, there is a lot of problems concerning this solution [1, 2] . The equations of string theory are self consistent only if the universe contains extra dimensions (D=4). As this is in gross conflict with the perception of three spatial dimensions, it might seem that string theory must be discarded. This is not true. The idea that our universe might have more than the three familiar spatial dimensions is one which was introduced more than half a century before the advent of string theory by T. Kaluza and by O. Klein. The basic premise of such Kaluza-Klein theories is that a dimension can be either large and directly observable or small and essentially invisible. No experiment rules out the possible existence of additional spatial dimensions curled up on scales smaller than 10 cm, the limit of present day accessibility. Although originally introduced in the context of point particle theories, this notion can be applied to strings. String theory, therefore, is physically sensible if the six extra dimensions which it requires curl up in this fashion.
Historically, strings were originally intended to describe hadrons directly, since the observed spectrum and high-energy behavior of hadrons (linearly rising Regge trajectories, which in a perturbative framework implies the property of hadronic duality) seems realizable only in a string framework [3, 4, 5, 6] . After a quark structure for hadrons became generally accepted, it was shown that confinement would naturally lead to a string formulation of hadrons, since the topological expansion which follows from using 1/N color as a perturbation parameter (the only dimensionless one in massless QCD, besides 1/N f lavor ), after summation in the other parameter (the gluon coupling, which becomes the hadronic mass scale after dimensional transmutation), is the same perturbation expansion as occurs in theories of fundamental strings. Certain string theories can thus be considered alternative and equivalent formulations of QCD, just as general field theories can be equivalently formulated either in terms of "fundamental" particles or in terms of the particles which arise as bound states. However, in practice certain criteria, in particular renormalizability, can be simply formulated only in one formalism: For example, QCD is easier to use than a theory where gluons are treated as bound states of self-interacting quarks, the latter being a nonrenormalizable theory which needs an unwieldy criterion ("asymptotic safety") to restrict the available infinite number of couplings to a finite subset. On the other hand, atomic physics is easier to use as a theory of electrons, nuclei, and photons than a formulation in terms of fields describing self-interacting atoms whose excitations lie on Regge trajectories (particularly since QED is not confining). Thus, the choice of formulation is dependent on the dynamics of the particular theory, and perhaps even on the region in momentum space for that particular application: perhaps quarks for large transverse momenta and strings for small. In particular, the running of the gluon coupling may lead to nonrenormalizability problems for small transverse momenta where an infinite number of arbitrary couplings may show up as nonperturbative vacuum values of operators of arbitrarily high dimension, and thus QCD may be best considered as an effective theory at large transverse momenta in the same way as a perturbatively nonrenormalizable theory at low energies, like the Fermi theory of weak interactions, unless asymptotic safety is applied. Hence, a string formulation, where mesons are the fundamental fields and baryons appear as skyrmeon-type solitons may be unavoidable. Thus, strings may be important for hadronic physics as well as for gravity and unified theories; however, the presently known string models seem to apply only to the latter, since they contain massless particles and have (maximum) spacetime dimension D = 10 (whereas confinement in QCD occurs for D = 4) Although many string theories have been invented which are consistent at the tree level, most have problems at the one-loop level. There are also theories which are already so complicated at the free level that the interacting theories have been too difficult to formulate to test at the one-loop level, and these will not be discussed here. These one-loop problems generally show up as anomalies [7] . It turns out that the anomaly-free theories are exactly the ones which are finite. Generally, topological arguments based on reparametrization invariance, the stretchiness of the string world sheet show that any multiloop string graph can be represented as a tree graph with many one-loop insertions, so all divergences should be representable as just one-loop divergences. The fact that one-loop divergences should generate overlapping divergences then implies that one-loop divergences cause anomalies in reparametrization invariance, since the resultant multi-loop divergences are in conflict with the one-loop-insertion structure implied by the invariance. Therefore, finiteness should be a necessary requirement for string theories, even purely bosonic ones in order to avoid anomalies in reparametrization invariance. Furthermore, the absence of anomalies in such global transformations determines the dimension of spacetime, which in all known nonanomalous theories is D = 10. This is also known as the critical, or maximum, dimension, since some of the dimensions can be compactified or otherwise made un-observable, although the number of degrees of freedom is unchanged.
In fact, there are only four such theories [5] : I: N = 1 supersymmetry, SO (32) gauge group, open IIA,B: N = 2 nonchiral or chiral supersymmetry heterotic N = 1 supersymmetry, SO(32) or E(8)E(8) broken N = 1 supersymmetry, SO(16)SO (16) All except the first describe only closed strings; the first describes open strings, which produce closed strings as bound states. There are also many cases of each of these theories due to the various possibilities for compactification of the extra dimensions onto tori or other manifolds, including some which have tachyons. However, for simplicity we will first consider certain inconsistent theories: the bosonic string, which has global reparametrization anomalies unless D = 26 and for which the local anomalies described above even for D = 26 have not yet been explicitly derived, and the spinning string, which is nonanomalous only when it is truncated to the above strings. The heterotic strings are actually closed strings for which modes propagating in the clockwise direction are nonsupersymmetric and 26-dimensional, while the counterclockwise ones are N=1 (perhaps-broken) supersymmetric and 10-dimensional, or vice versa. There are several aspects of, or approaches to, string theory which can best be classified by the spacetime dimension in which they work: D = 2, 4, 6, 10. The 2D approach is the method of first-quantization in the two-dimensional world sheet swept out by the string as it propagates, and is applicable solely to (second-quantized) perturbation theory, for which it is the only tractable method of calculation. Since it discusses only the properties of individual graphs, it can't discuss properties which involve an unfixed number of string fields: gauge transformations, spontaneous symmetry breaking, semiclassical solutions to the string field equations, etc. Also, it can describe only the gauge-fixed theory, and only in a limited set of gauges. However, by introducing external particle fields, a limited amount of information on the gauge-invariant theory can be obtained. Recently most of the effort in this area has been concentrated on applying this approach to higher loops. However, in particle field theory, particularly for Yang-Mills, gravity, and supersymmetric theories all of which are contained in various string theories, significant and sometimes indispensable improvements in higher-loop calculations have required techniques using the gauge-invariant field theory action. The 4D approach is concerned with the phenomenological applications of the low-energy effective theories obtained from the string theory.
The 6D approach describes the compactifications or equivalent eliminations of the 6 additional dimensions which must shrink from sight in order to obtain the observed dimensionality of the macroscopic world. Unfortunately, this approach has several problems:
(1) no justification has been given as to why the compactification occurs to the desired models, or to 4 dimensions, or at all, (2) the style of compactification (Kaluza-Klein, Calabi-Yau, toroidal, orbifold, fermionization, etc.) deemed most promising changes from year to year, (3) the string model chosen to compactify also changes every few years.
In particular, it would be desirable to have a formalism in which all the symmetries (gauge, Lorentz, spacetime supersymmetry) are manifest, finiteness follows from simple power-counting rules, and all possible models including possible 4D models whose existence is implied by the 1/N expansion of QCD and hadronic duality can be straightforwardly classified. In ordinary (particle) supersymmetric field theories such a formalism (superfields or superspace) has resulted in much simpler rules for constructing general actions, calculating quantum corrections (supergraphs), and explaining all finiteness properties independent from, but verified by, explicit supergraph calculations. The finiteness results make use of the background field gauge, which can be defined only in a field theory formulation where all symmetries are manifest, and in this gauge divergence cancellations are automatic, requiring no explicit evaluation of integrals.
String theory can be considered a particular kind of particle theory, in that its modes of excitation correspond to different particles. All these particles, which differ in spin and other quantum numbers, are related by a symmetry which reflects the properties of the string. Quantum field theory is the most complete framework within which to study the properties of particles. Not only is this framework not yet well understood for strings, but the study of string field theory has brought attention to aspects which are not well understood even for general types of particles. This is another respect in which the study of strings resembles the study of supersymmetry. This langauge clarifies the relationship between physical states and gauge degrees of freedom, as well as giving a general and straightforward method for writing free actions for arbitrary theories.
Of course, string theory might not be the correct description of nature, or its current formulation might not be directly relevant to the cosmological constant problem. For example, a solution may be provided by loop quantum gravity, or by a composite graviton. It is probably safe to believe that a significant advance in our understanding of fundamental physics will be required before we can demonstrate the existence of a vacuum state with the desired properties. Not to mention the equally important question of why our world is based on such a state, rather than one of the highly supersymmetric states that appear to be perfectly good vacua of string theory.
Thus, the search is still on for a four-dimensional string theory vacuum with broken supersymmetry and vanishing (or very small) cosmological constant. The difficulty of achieving this in conventional models has inspired a number of more speculative proposals:
In three spacetime dimensions supersymmetry can remain unbroken, maintaining a zero cosmological constant, in such a way as to break the mass degeneracy between bosons and fermions. This mechanism relies crucially on special properties of spacetime in (2+1) dimensions, but in string theory it sometimes happens that the strong-coupling limit of one theory is another theory in one higher dimension.
More generally, it is now understood that (at least in some circumstances) string theory obeys the "holographic principle", the idea that a theory with gravity in D dimensions is equivalent to a theory without gravity in D − 1 dimensions. In a holographic theory, the number of degrees of freedom in a region grows as the area of its boundary, rather than as its volume. Therefore, the conventional computation of the cosmological constant due to vacuum fluctuations conceivably involves a vast overcounting of degrees of freedom. We might imagine that a more correct counting would yield a much smaller estimate of the vacuum energy, although no reliable calculation has been done as yet.
The absence of manifest SUSY in our world leads us to ask whether the beneficial aspect of canceling contributions to the vacuum energy could be achieved even without a truly supersymmetric theory. The perturbative contributions to the cosmological constant should vanish If such a model could be made to work, it is possible that small non-perturbative effects could generate a cosmological constant of an astrophysically plausible magnitude.
A novel approach to compactification starts by imagining that the fields of the Standard Model are confined to a (3 + 1)-dimensional manifold (or brane, in string theory parlance) embedded in a larger space. While gravity is harder to confine to a brane, phenomenologically acceptable scenarios can be constructed if either the extra dimensions are any size less than a millimeter, or if there is significant spacetime curvature in a non-compact extra dimension. Although these scenarios do not offer a simple solution to the cosmological constant problem, the relationship between the vacuum energy and the expansion rate can differ from our conventional expectation.
Let us begin by recalling the relativistic action for a point particle moving in D-dimensional spacetime [5, 8, 9] .
where τ is an arbitrary parametrization of the world-line anḋ
We are using the Minkowski metric η µν with signature (−, +, . . . , +). The fields X µ on the worldsheet Σ define an embeding of Σ in the D-dimensional spacetime.
We now define the Nambu-Goto string action as proportional to the area of the worldsheet swept out by the string
where σ α = (σ, τ ) are the two parameters describing the worldsheet and
The coordinate σ 0 is the "time" on the string worldsheet, σ 1 is the "space" coordinate along the closed string. By a reparametrization, we can let σ 1 range from 0 to 2π. Thus the NambuGoto action describes the motion of a string in spacetime, and the worldsheet is the trajectory it sweeps out. A string can have internal oscillations in addition to its center of mass motion. They include oscillation both transverse and longitudinal to the string worldsheet. Only transverse oscillations are physical.
The canonical momentum densities of the Nambu-Goto action (3) are given by
Since (3) has reparametrization invariance on the worldshhet:
, one naturally expects an analog of the constraint P 2 = −m 2 . One finds
known as the Virasoro constraints and play an important role in string theory.
Polyakov action has the following symmetries [5, 10] :
Global symmetries: (i) Poincaré invariance
Local symmetries: (ii) Worldsheet diffeomorphism invariance
(iii) Weyl rescaling
Here ξ α and Λ are arbitrary (infinitesimal) functions of (σ, τ ) and a µν (= −a µν ) and b µ are constants.
We now define the two-dimesional energy-momentum tensor as
and the equations of motion are
It is easy to check that
We insert this equation into Polyakov action and prove the classical equivalence of the Polyakov and the Nambu-Goto action.
From (ii), one can verify that X µ are the worldsheet scalars, h αβ a worldsheet tensor and √ h a scalar density of weight -1.
Form (iii), one can check that h αβ T αβ = 0. This is the case for the Polyakov action of the bosonic string but will not be satisfied for the fermionic string action.
Let us now choose the conformal gauge such that locally h αβ = Ω 2 (σ, τ )η αβ with η αβ being the two-dimensional Minkowski metric defined by ds
is called a conformal gauge [11] ). In this gauge, the equation of motion and the expression for canonical momentum can be obtained from the action
Varying with respect to X µ such that
arbitrary (open string) and δX µ (σ + 2π) = δX µ (σ) (closed string), we obtain the equation of motion (
with X µ (σ + 2π) = X µ (σ) closed string and X ′ µ | σ=0,π = 0 (open string). Since T = 0 the remaining two components are
The reparametrization invariance of the Nambu-Goto action implies the first class constraints T ++ = 0 and T −− = 0 where T ++ = 1 2 (T 00 + T 01 ) and
The X's must be periodic in σ 1 with period 2π. After Fourier decomposition, we separate and recover the center of mass operators and the mode operators corresponding to excitations:
and where the following commutation relations hold: It is also convenient to Fourier transform the energy-momentum tensor T :
These L n andL n are well defined except for n = 0, for which there is a normal ordering ambiguity. If we define
the constraint for n = 0 part would be L 0 − a = 0,L 0 −ã = 0 where a andã are constants reflecting the normal ordering ambiguity. (L 0 +L 0 ) is the Hamiltonian of the system generating a translation in σ 0 direction and (L 0 −L 0 ) is the worldsheet momentum. Since
the n-th oscillator has energy n, equal to its angular frequency. The same holds for the right movers.
We can try imposing
for all n, as constraints on physics states. It can be checked that the L's form a representation of the Virasoro algebra, which in the conformal algebra with nontrivial central extensions:
In our case, the central charge c is equal to D = η µ µ , the spacetime dimension. This means that each free scalar field contributes one unit to the central charge. Imposing L n |phys = 0 for all n ∈ Z would be inconsistent with the commutation relation if D = 0. We may instead adopt the Gupta-Bleuler prescription and require that physical states be annihilated by half of L n 's
We also define an equivalence relation among them:
We call a physical state spurious if it is a linear combination of L −n | * for some state | * . The true physical degrees of freedom are thus the equivalence classes of (26) . Condition (25) implies that the matrix elements of L n between physical states vanish for all n. This is consistent with (26) , which says that any L n has almost no physical effect on a physical state. It is the same story for the right movers.
Since L n andL n have exactly the same property, in the following discussion we will concentrate on L n , bearing in mind that the same results obtain forL n . In particular, we will determine a by consistency requirement. Since we can repeat the same stroy forã, they must be the same, implying
This is known as level matching condition. The reason for this constraint is that the unitary operator
Let us look at the spectrum in the conformal gauge, taking into account the physical state condition (25) and the string gauge covariance (26) . As a measure of oscillator excitation, define
and similarlyÑ for the right moving sector. By (21) and the Einstein relation m 2 = −k 2 , they also determine the mass of the states:
Therefore the constraint L 0 = a is the mass shell condition. The level matching condition (27) implies that N =Ñ.
Groud State N = 0. There is no oscillator excitation and the states are simply |K where
The only nontrivial condition from (25) is the mass shell condition
which implies
If a > 0, then the ground state would correspond to a tachyon. As it turns out, this is indeed the case for both bosonic string and superstring theory. The presence of a tachyon indicates that we are at a wrong vacuum.
First excited level N = 1. The states are e µ (k)α µ −1 |k . it is simple to deduce from (25) the following constraints:
The equivalence relation (26) states that
which has precisely the form of a gauge transformation in QED. However, this does not yield a spurious physical state unless k 2 = 0. Since the light-cone gauge quantization gives (D − 2) polarizations, the anomaly-free requirement picks a = 1.
By analogy to QED, k · e = 0 can be interpreted as the Lorentz gauge condition. Combined with k 2 = 0, the massless Klein-Gordon equation, we obtain the Maxwell equation ∂ µ F µν = 0. These statements are presice in open string theory. In closed string theory, when we combine them with their counterparts for the right movers we obtain the equations of motion and gauge transformations appropriate for graviton, antisymmetric tensor, and dilaton fields. 
where we have used the result a = 1. This means states at this level are massive. The other two nontrivial physical state conditions from L 2 and L 1 impose (D + 1) conditions on e µν and e µ .
They leave us with
degrees of freedom in the polarization. On the other hand, light-come quantization gives
degrees of freedom. The deficit of D must be accounted for in equivalence relation (26). The spurious states at level two are spanned by
and
for some constraints χ µ and γ. Requiring the first type of spurious states to be physical leads to the condition
Therefore the spurious state of the first type accounts for (D − 1) degrees of freedom. Since we need to have D spurtious states, the second type of state must also satsify the physical state condition. The L 1 constraint requires γ to be 3 2 and the L 2 constraint fixes D to be 26. Thus we have arrived at the famous conclusion that bosonic string theory propagtes in 26 dimensions. Now let us look at the spectrum of massless states in 26-dimensional bosonic string theory. According to (31) , the massess of the string states are integral multiple of 2 √ α ′ . The massless particles arise from the first excited level of the string. Combining left and right moving sectors of the Fock space in accordance with the level matching condition (27) , they have the form
in the light-cone gauge. We may decompose e ij into irreducible representations of SO(D − 2) = SO(24), each of which would correspond to a certain type of particle:
The traceless symmetric, antisymmetric, and trace parts of e ij are denoted as h ij , B ij , and Φ respectively. B ij is known as the antisymmetric tensor. Φ is called dilaton. Being a massless scalar, Φ may develop a vacuum expectation value (VEV). We will later see that Φ = Φ 0 shifts the string coupling constant κ to κe Φ 0 . h ij is identified with the graviton because it observes genral covariance. To see this we should choose the conformal gauge, which is 26-dimensional Loretnz covariant. Now we use Greek indices µ, ν, . . . , ranging from 0 to 25, to label the tangent space. We mentioned earlier that the equivalence relations from L −1 ,L −1 have the spacetime interpretation of gauge transformations. It is not difficult to show that these gauge transformations act on h µν and B µν as
The first is simply diffeomorphism acting on the spacetime metric in the Minkowski background. The second can be written in the langauge of differential forms as B → B + aD. This suggets that the physical observable associated with the 2-form B should be its 3-form field strength H ≡ dB.
To study string interactions, it is conveniant to choose the wroldsheet metric to be Euclidean rather than Lorentzian. This can be done by performing a Wick rotation on the worldsheet:
After gauging away arbitrary reparametrizations, the integration over worldsheet metric g of Polyakov action is reduced to a sum over all possible shapes and sizes of worldsheets of a given topology. Since the size of the worldsheet can be gauged away for critical string theory, this reduces to a finite dimensional integral over its modulo space, the space that parametrizes the shape of worldsheet with this topology Worldsheet actions themselves do not tell us which topology of worldsheet we should choose, but analogy with Feynman diagrams suggets that handles in the worldsheet represent internal loops and we should sum over all number of handles. In fact the unitarity of the S-matrix dictates how to sum over topologies of the worldsheet. As a simple illustration, consider the one-loop vacuum to vacuum string amplitude. This has the physical interpretation of calulating the vacuum energy. There is no external string and the worldsheet is topologically a torus. By Weyl scaling we can always make it a flat torus, defined as the quotient of the complex plane by a lattice generated by 1 and τ we identify points related by n + mτ ,n, m ∈ Z. τ is the complex moduli for the topological class of torus and cannot be gauged away by Weyl rescaling. The integration over g now reduces to an integration over the moduli parameter τ . Nondegeneracy of the torus requires ℑτ = 0, and by choices of basis of lattice vector we can require τ to live on the upper complex half-pane. Let us look at this from the worldsheet viewpoint. Choose the imaginary axis as worldsheet time. Worldsheet states evolve along it as usual with Hamiltonian L 0 −L 0 . ℜτ is a spatial twist, generated by the worldsheet momentum L 0 −L 0 . As there is no end to the string in this one-loop amplitude, the path integral summs over all states in the Hilbert space-it is a trace. In fact it is the partition function
The number 1 24 in the exponent is due to the conformal anomaly. The combination (D − 2) is easy to understand in light-cone gauge, but can also be obtained in the conformal gauge if one also includes the contribution from the Faddeev-Popov ghosts. Here it is sufficient to note here that with D = 26 we recover the correct normal ordering constant a =ã = 1. We also note that the mass for states in a level can be read from the corresponding exponent for q and q outside the (2ℑτ ) − D 2 factor. For example, the exponent for the tachyon is negative, and that for massless states are zero.
factor is the result of momentum integration, and here we have D rather than (D − 2) since the string zero modes are not affected by the light-cone gauge condition. The coefficient in front of a monimial in q counts the multiplicity of states with the corresponding mass (=the degree of the monomial). For example from (47) one sees that there is just one tachyon. To complete the calculation of the amplitude, one also needs to integrate over the moduli parameter τ , which parametrizes the length and twist of the torus as discussed earlier.
Now we study the important application of conformal field theory to string theory. We have already seen that the string action in conformal gauge is still invariant under conformal transformations with associated infinite dimensional Virasoro algebra.
In order for conformal field theory to be applicable to string theory we have to continue the signature of the worldsheet metric from Minkowskian to Euclidean.
For the closed bosonic string theory the massless scalar field is denoted by X(z,z) [12] . In Euclidean space, the action for such a field is
which, up to the index µ, is the Euclidean action of the bosonic string in units where α ′ = 2. It leads to the equation of motion
with general solution
The fields X(z) andX(z) correspond to the right-and left-moving coordinates of the closed bosonic string respectively. The propagator for the free boson X(z,z) following from the action (48) is X(z,z)X(w,w) = −2log |z − w|, |z| > |w|
It satisfies the equation
which follows from
Making the split into left and right-movers, (50), we get
X andX are completely independent fields. The field X does not have a definite scaling dimension. However, we will only need its derivatives and exponentials, both of which have definite scaling dimension and are good fields of the conformal field theory.
The energy-momentum tensor following from the action (48) is
and likewise forT (z) where
where the pole terms to be subtracted are those arising in the operator product expansion of
The operator product of the energy momentum tensor with itself is
It is clear that we have a conformal field theory with c = 1.
Computing the operator product of T (z) with ∂X(z),
shows that ∂X(z) is a conformal field with dimesion h = 1. We can expand it in modes as
The only other conformal fields in the free scalar model are normal ordered exponentials of X(z):
We find that the operator : e iαX(z) : has a conformal dimension h = 
This means the physical string states correspond to primary fields of the sonformal field theory:
φ(z,z) are conformal fields and create asymptotic states. They are called vertex operators.
Let us sum over momentum and make a Fourier transformation, then the vertex operators for the massless particles are
for the graviton field and
for the antisymmetric tensor field. Now consider inserting coherent states of these fieldsexponential of their integral over the worldsheet-in every correlation function we compute for the Polyakov action. Physically, this should be interpreted as vacuum expectation values (VEV) for these spacetime fields. From the worldsheet viewpoint, they simply modify the action into [13, 14] 
where G µν = η µν + h µν . We can also introduce a super-renormalizable term to (66) which corresponds to a VEV for the tachyon. It is easy to see that the result is the most general renormalizable action we can write with X µ and their derivatives in two dimensions. However, if we add a background for any one of the massive states, the corresponding operator would be non-renormalizable and would in general generate terms corresponding to the VEV's for all other massive states.
The dilaton Φ is missing here. If we use the worldsheet metric g ab in addition to the scalar field X µ , there is another operator of dimension two on the worldsheet, RΦ(X), where R is the worldsheet curvature. The complete worldsheet action is then
We note that if we let Φ → Φ + Φ 0 , where Φ 0 is a constant, then S → S + Φ 0 χ, where χ = 2 − 2h − b is the Euler number of thw worldsheet surface, h is the number of handles and b that of boundaries on the worldsheet. Since h is the number of handles and b that of boundaries on the worldsheet. Since h is the number of loops in the string "diagram", shifting the dilaton field by a constant Φ 0 is equivalent to multiplying the string loop expansion parameter κ 2 by e 2Φ 0 . Looking closely enough, all string diagrams can be seen as combinations of φ 3 type of vertices and κ their coupling constant. Now with some of the VEV's being nonzero, quantum conformal invariance requires the vanishing of β functions:
These can be regarded as the equation of motion coming from a spacetime action of G, B, and Φ:
Here we see explicitly that the shift Φ → Φ + Φ 0 can be compensated by κ → κe Φ 0 for constant Φ 0 .
In this action, the normalization of the Einstein-Hilbert term is not standard, and the sign of the dilaton kinetic term is wrong. we can cure these problems by a field redefinition:
and the action (71) can be rewritten as
Different choices of the metric correspond to different units of length (different rulers).G is known as the Einstein metric while G is called the string metric.
In summary, in bosonic string theory there are two big problems.
1) the presence of tachyons in the spectrum, 2) their are no spacetime fermions.
Here is where superstrings come to the rescue [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] . A superstring is described, despite of the usual bosonic fields X µ , by fermionic fields ψ µ L,R on the worldsheet, where L and R denote left and right worldsheet chiraltiy respectively. The action for the superstring is given by
where ψ µ and χ a are the superpartnes of X µ and the tetrad field e a , respectively. In the superconformal gauge and in light-cone coordinates it can be reduced to
The local dynamics of the worldsheet metric is manifestly independent of quantum corrections if the critical spacetime dimension D is 10. Thus the string oscillations in the 8 transverse dimensions. The action (74) For the closed string there are two possibilities for the boundary conditions of fermions:
Solutions of Dirac equation satisfying these boundary conditions are
In the case of the fermions in the R sector n is integer and it is semi integer in the NS sector.
The quantization of the superstring come from the promotion of the fields X µ and ψ µ to operators whose oscillator variables are operators satisfying the relations [α The zero modes of α are diagonal in the Fock space and its eigenvalue can be identified with its momentum. For the NS sector there is no fermionic zero modes but they can exist for the R sector and they satisfy a Clifford algebra [ψ
The Hamiltonian for the closed superstring is given by the
, while for the R sector A = 0. The mass is given by In the NS sector there is still a tachyon in the ground state. But in the supersymmetric case this problem can be solved through the introduction of the called GSO projection. This projection eliminates the tachyon in the NS sector and it acts in the R sector as a ten-dimensional spacetime chirality operator. Thus from the left and right moving sectors, one can construct states in four different sectors:
Taking account the two types of cirality L and R one has two possibilities:
a) The GSO projections on the left and right fermions produce different chirality in the ground state of the R sector (Type IIA). b) GSO projection are equal in left and right sectors and the ground states in the R sector, have the same chirality (Type IIB). Thus the spectrum for the Type IIA and IIB superstring theories is:
Type IIA
The NS − NS sector has a symmetric tensor field g µν (spacetime metric), an antisymmetric tensor field B µν and a scalar field φ (dilaton). In the R − R sector there is a vector field A µ associated with a 1-form C 1 (A µ ↔ C 1 ) and a rank 3 totally antisymmetric tensor C µνρ ↔ C 3 . In general the R − R sector consist of p-forms G p = dC p−1 (where C p are called RR fields) on the ten-dimensional spacetime X with p even i.e. G 0 , G 2 , G 4 , . . .. In the NS − R and R − NS sectors we have two gravitinos with opposite chirality and the supersymmetric partners of the mentioned bosonic fields.
Type IIB
In the NS − NS sector Type IIB theory has exactly the same spectrum that of Type IIA theory. On the R − R sector it has a scalar field χ ↔ C 0 , an antisymmetric tensor field B ′ µν ↔ C 2 and a rank 4 totally antistmmetric tensor D µνρσ ↔ C 4 whose field strength is self-dual. Similar than for the case of the Type IIA theory one has, in general, RR fields given by p-forms G p = dC p−1 on the spacetime X with p odd. The NS − R and R − NS sectors do contain gravitinos with the same chirality and the corresponding fermionic matter.
Type I superstrings
In this case the L and R degrees of freedom are the same. Type I and Type IIB theories have the same spectrum, except that in the former one the states which are not invariant under the change of orientation of the worldsheet, are projected out. This worldsheet parity Ω interchanges the left and right modes. Type I superstring theoruy is a theory of breakable closed strings, thus it incorperates also open string. The Ω operation leave invariant only one half of the spacetime supersymmetry,m thus the theory is N = 1.
The spectum of bosonic massless states in the NS − NS sector is: g µν (spacetime metric) and φ (dilaton) from the closed sector and B µν is projected out. On the R − R sector there is an antisymmetric field B µν of the closred sector. The open string sector is necessary in order to cancel tadpole diagrams. A contribution to the spectrum come from this sector. Chan-Paton factors can be added at the boundaries of open string. Hence the cancellation of the tadpole are needed 32 labels at each eand. Therefore in the NS − NS sector there are 496 gauge fields in the adjoint fields in the adjoint representation of SO (32) .
Heterotic Superstrings
This kind of theory involves only closed strings. Thus there are left and right sectors. The left-moving sector contains a bosonic string theory and the right moving sector contains N = 1 spacetime supersymmetry. The momentum at the left sector P L lives in 26 dimensions, while P R lives in 10 dimensions. It is natural to identify the first ten components of P L with P R . Consistency of the theory tell us that the extra 16 dimensions should belong to the root lattice E 8 × E 8 or a Z 2 -sublattice of the SO(32) weight lattice.
The spectrum consists of a tachyon in the ground state of the left-moving sector. In both sectors we have the spacetime metric g µν , the antisymmetric tensor B µν , the dilaton φ and finally there are 496 gauge fields A µ in the adjoint representation of the gauge group E 8 ×E 8 or SO (32) .
Let us discuss now string duality [16, 17, 18] . For non-supersymmetric gauge theories in four dimensions, the subject of duality has been explored recently in the Abelian as well as in the non-Abelian cases. In the Abelian case (on a curved compact four-manifold X) the CP violating Maxwell theory partition function Z(τ ), transforms as a modular form under a finite index subgroup Γ 0 (2) of SL(2, Z). The dependance parameter of the partition function is given by τ = θ 2π
+ 4πi e 2 where e is the Abelian coupling constant and θ is the usual theta angle. In the case of non-Abelian non-supersymmetric gauge theories, strong-coupling dual theories can be constructed which results in a kind of dual "massive" non-linear sigma models. The starting Yang-Mills theory contains a CP -violating θ-term and it turns out to be equivalent to the linear combination of the actions corresponding to the self-dual and anti-self-dual compactified strengths.
It has been conjunctured that SO(32) heterotic string theory is dual to Type I string theory. Many tests of this conjunctured duality have been performed, including comparison of the BPS spectrum in compactified string theories. These fileds are the dynamical fields of a supergravity Lagrangian in ten dimensions. Type I string t heory has in the NS − NS sector of the fields: the metric g Lower dimensional theories constructed up on compactification can have different spacetime supersymmetry. Thus it can be very useful to find dual pairs by compactifying two string theories with different spacetime supersymmetry on different spaces K in such a way that they become to have the same spacetime supersymmetry.
The most famous example is the S-dual pair between the Type II theory on K3 and the heterotic theory on T 4 . To describe more generally these kind of dualities we first give some preliminaries. Let A and B two different theories of the family of string theories. A and B are compactified on K A and K B respectively. Consider the dual pair
then we construct the more general dual pair
where K A − Q A → D and K B − Q B → D are fibrations and D is an auxiliary finite dimensional manifold.
These insights are very useful to construct dual pairs for theories with eight supercharges. An example of this is the pair in six dimensions with A = IIA, K A = K3 and B = Het, K B = T 4 i.e.
From this dual pair can be constructed in four dimensions with the auxiliary space D = CP 1 being the complex projective space, thus we have
where T 4 − Q IIA → CP 1 and K3 − Q Het → CP 1 are fibrations. As can be observed the fourdimensional theories have N = 2 supersymmetry and duality uses K3-fibrations.
By the uses of the S and the T maps a network of theories can be constructed in various dimensions all of them related by dualities. However new theories can emerge from this picture, this is the case of M-theory. M-theory (the name comes from Mystery, Magic, Matrix, Membrane, etc.) was originally defined as the strong coupling limit for Type IIA string theory [24] . At the effective low energy action level, Type IIA theory is described by the Type IIA supergravity theory and it is known that this theory can be obtained from the dimensional rduction of the eleven dimensional supergravity theory.
Horava and Witten realized that orbifold compactifications leads to the E 8 × E 8 heterotic theory in ten dimensions [21] . More presicely
where S 1 /Z 2 is homeomorphic to the finite interval I and the M-theory is thus defined on Y = X 10 × I. From the ten-dimensional point of view, this configuration is seen as two parallel planes placed at the two boundaries ∂I of I. Dimensional reduction and anomalies cancellation conditions imply that the gauge degrees of freedom should be trapped on the ten-dimensional planes X with the gauge group being E 8 in each plane. While that the gravity is propagating in the bulk and thus both copies of X's are only connected gravitationally.
Meanwhile F -Theory was formulated by C. Vafa, looking for an analog theory to M-theory to M-theory for describing non-perturbative compactifications of Type IIB theory [19, 22] . Thus F-theory is defined as a twelve-dimensional theory whose compactification on the elliptic fibration T 2 − M → D, gives the type IIB theory compactified on D with identification of λ( z) with the modulud τ ( z) of the torus T 2 . These compactifications can be related to the M-theory compactifications through the known S mapping S : IIA → M/S 1 and the T map bewteen Type IIA and IIB theories. This gives
Thus the spectrum of massless states of F -theory compactifications can be described in terms of M-theory. Other interesting F -theory compactifications are the Calabi-Yau compactifications
Gravitational analogs of non-perturbative gauge theories were studied several years ago, particularly in the context of gravitational in the context of gravitational Bogomolny bound. As recently was shown [27] , there are additional non-standard p-branes in D = 10 type II superstring theory and D = 11 M-theory and which are required by U-duality. These branes were termed 'gravitational branes' ('G-branes'), because they acrry global charges which correspond to the ADM mommentum P M and to its 'dual' a (D-5)-form K M 1 ...M D5 , which is related to the NUT charge. These charges are 'dual' in the same sense that the electric and magnetic charges are dual in Maxwell theory, but they appear in the purely gravitational sector of the theory. Last tear, Hull has shown [27] that these global charges P and K arise as central charges of the supersymmetric algebra of type II superstring theory and M-theory. Thus the complete spectrum of BPS states should include the gravitational vector.
A different approach was worked out by using some techniques of strong-weak coupling duality for non-supersymmetric Yang-Mills theories were applied to the MacDowell-Mansouri dynamical gravity [28] . One could expect that the gauge theory of gravity would be realized as the effective low energy theory on the 'G-branes'.
Finally we describe breifly some new developments on the relation between string theory and Conne's noncommutative Yang-Mills theory [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] .
The rough idea consists from the description of a string propagating in a flat background (spacetime) of metric g ij and a NS constant B-field B ij . The action is given by
where D is the disc.
Eqquations of motion are subjected to the boundary condition
and the propagator of open string vertex operators is given by
where
Here S and A stands for the symmetric and antisymmetric part of the involved matrix, and the logarithmic term determines the anomalous dimensions as usual. Thus G ij is the effective metric seen by the open strings. The antisymmetric part Θ ij determines the noncommutativity [31] .
The product of tachyon vertex operators e ip·X and e iq·X for τ > τ ′ in the short distance singularity is written as
Θ ij p i q j e i(p+q)·X (τ ′ ) + · · · 
where * is defined for any smooth functions F and G over X and it is given by
Here the operator * is associative F * (G * H) = (F * G) * H and noncommutative F * G = G * F . The above product can be written as F * G = F G + i{F, G} + . . . where {F, G} is the Poisson bracket given by Θ ij ∂ i F ∂ j G. Θ is determined in terms of B. It gives an associative and noncommutative algebra. In the limit α ′ → 0 the product of vertex operators turns out to be the Moyal product of functions on the spacetime X. Now one can consider scattering amplitude (parametrized by G and Θ) of k gauge bosons of momenta p i , polarizations ǫ i and Chan-Paton wave function λ i = 1, . . . , k A(λ i , ǫ i , p i ) G,Θ = T r(λ 1 λ 2 . . . λ k ) dτ
The Θ dependance come from the factor e For B = 0 the effective action is obtained under the assumption that the divergences are regularized through the Pauli-Villars procedure and it is given by
The important case of the effective theory when Θ = 0 is incorporated through the phase factor and thus one has to replace the ordinary multiplication of wave functions by the * product.
whereF ij = ∂ iÂj − ∂ jÂi − i{Â i ,Â j } M is the noncommutative field strength. Here {F, G} M ≡ F * G − G * F . Thus we get a noncommutative Yang-Mills theory as the Θ (or B) dependance of the effective action to all orders in α ′ . Guage field transformation (λ * Â) ij =λ ik * A k j and δÂ i = ∂ iλ + iλ * Â i − iÂ i * λ.
For the low varying fields the effective action is described by noncommutative Yang-Mills theory but also by the standard Yang-Mills theory. They differ only in the regularization prescription. For the standard commutative case it is the Oauli-Villars one, while for the noncommutative case it is the point splitting prescription. The two frameworks are equivalent and thus there is a redefination of the variable fields andd it can be seen as a transformation connecting standard and noncommutative descriptions. The change of variables known as the Seiberg-Witten map is as followŝ
In conclusion, string theory is the best understanding of all the matter and their interactions in a unifold scheme. In fact, the theory is far from being completed and we cannot give yet concrete physical predictions to take contact with collider experiments and/or astrophysical observations. Many aspects of theoretic character, necessary in order to make of string theory a physical theory, are in progress.
